Two essential technologies for a 3D Solid State Drive (3D-SSD) with a boost converter are presented in this paper. The first topic is the spiral inductor design which determines the performance of the boost converter, and the second is the effect of TSV's on the boost converter. These techniques are very important in achieving a 3D-SSD with a boost converter. In the design of the inductor, the on-board inductor from 250 nH to 320 nH is the best design feature that meets all requirements, including high output voltage above 20 V, fast rise time, low energy consumption, and area smaller than 25 mm 2 . The use of a boost converter with the proposed inductor leads to a reduction of the energy consumption during the write operation of the proposed 1.8-V 3D-SSD by 68% compared with the conventional 3.3-V 3D-SSD with the charge pump. The feasibility of 3D-SSD's with Through Silicon Vias (TSV's) connections is also discussed. In order to maintain the advantages of the boost converter over the charge pump, the reduction of the parasitic resistance of TSV's is very important.
Introduction
One of the serious design issues of Solid State Drive (SSD) is the increasing power consumption. Figure 1 shows the device architecture of a conventional SSD. A typical SSD consists of more than 16 NAND flash memories, DRAM's and a NAND controller. In SSD, each NAND flash chip has a charge pump circuit to generate the program voltage of 20 V. Figure 2 shows a schematic and issues concerning the charge pump that generates the program voltage (V OUT ). The charge pump prevents area reduction, V DD scaling, and fast write operation of the NAND flash memory [1] . For example, 5 to 10% of the area of each NAND flash chip is occupied by the charge pump owing to its large capacitance, which raises the cost of SSD. Figure 3 shows the energy consumption of NAND flash memories during a write operation at V DD of 3.3 V [2] and 1.8 V (simulated). When V DD is decreased from 3.3 V to 1.8 V, even though the energy of the memory core decreases, the total energy decreases by only 18%, because the energy of the charge pump increases. Therefore, an alternative high-voltage generation circuit is strongly required to reduce the area, the power, and the write time of the NAND flash memory. Figure 4 shows the 3D-integrated SSD proposed in [3]. The NAND flash memories, DRAM's, the NAND controller, and a boost converter are integrated in SiP. Through silicon vias (TSV's) are assumed to provide the connection between the boost converter and each NAND chip. ductor. In the proposed 3D SSD, both low power and fast write-operation are achieved, because both the voltage conversion efficiency and the output current drivability of the boost converter are higher than those of the charge pump. The die area of the NAND flash memory is also reduced, because the charge pumps on each flash memory are merged into the boost converter on an interposer. In the proposed 3D-SSD, the design of the inductor and TSV's is very important, because it greatly affects the performance of the boost converter, such as the output voltage of the boost converter, the rise time from an initial voltage to a target voltage (V OUT ), and the energy consumption during the boost. Therefore, the inductor design of the boost converter and the effect of TSV's on the boost converter are discussed [4] , [5] .
In Sect. 2, the spiral inductor design, based on SPICE circuit simulation, for the boost converter is presented. In this section, three types of inductors are compared, an onchip inductor (L), an on-interposer inductor, and an onboard inductor, and the feasibility and design of those inductors are discussed. Section 3 concerns the measurement result of the fabricated boost converter with the spiral inductor optimized in Sect. 2. The boost converter with the designed inductor has a large advantage over the conventional charge pump. In Sect. 4, the effect of TSV's on the boost converter is presented. The parasitic resistance of TSV's degrades the performance of the boost converter. Cu TSV's and doped poly-Si TSV's are compared. A conclusion is drawn in Sect. 5.
Spiral Inductor Design for Boost Converter
In this section, the spiral inductor design of the boost converter for the 3D-SSD is investigated. The spiral inductor design is not clear and has yet not been published, because the output load of the boost converter of the NAND flash memory is different from that of a widely used boost converter. Normally, the boost converter has a output resistive and operates in the continuous conduction mode. In contrast, the output load of the boost converter of the NAND flash memory is capacitive, and the boost converter operates in a discontinuous conduction mode. Hence, a spiral inductor design of the boost converter for the 3D-SSD with the NAND flash memories, using SPICE circuit simulation, is proposed.
In order to implement the inductor in the 3D-SSD, three types of inductors, an on-chip inductor (L), an oninterposer inductor, and an on-board inductor, are compared. Figure 6 shows design parameters of the inductor. A square inductor is assumed. Table 1 shows the parameters of the three types of inductors used. An inductor, the line and space, and thickness of which are shown in this table, is defined as on-board, on-interposer, and on-chip inductor respectively. The parameter values given are typical for each type of inductor. The inductance of the inductors is calculated using Eqs. (1)- (4) [6] .
L represents the inductance, μ 0 the vacuum permeability, n the number of turns, d out the outer diameter, d in shows the inner diameter, and c 1 − c 4 are constants. d in /d out = 1/3 is assumed in this study to increase the quality factor of the inductor. As the first step in the inductor design, the range of inductance is calculated with an area constraint. Figure 7 shows the calculated inductance dependence of the outer diameter of the three types of inductors. The area limitation of 25 mm 2 for the inductor is assumed, because the die area of a typical flash memory is 150∼200 mm 2 and 15% of that area can be used for the inductor. Figure 8 shows the inductance dependence of the parasitic resistance of the three types of inductors calculated from the total inductor length. The on-chip inductor has a small area and high parasitic resistance, because the line and space is narrow and the metal thickness is thin. In contrast, the on-board inductor has a large area and low parasitic resistance, because the line and space is wide and the metal thickness is thick. In the on-board inductor, 330 nH is the maximum inductance with the 25 mm 2 -area constraint. The various inductors shown in Figs. 7 and 8 are adopted in the boost converter and the best design of the inductor is investigated. Figure 9 shows the equivalent circuit of the simulated boost converter. The input voltage (V DD ) is 1.8 V and target output voltage (V OUT ) is 20 V. A NAND flash chip, as the output load of the boost converter, is emulated by the load resistance (1 MΩ) and capacitance (160 pF). The parasitic resistance of the interconnects (R 1 -R 5 ) and the inductor (R L ) is also included. The switching frequency (or period) and duty cycle are 18.2 MHz (55ns) and 80%, respectively, and the amplitude of the switching transistor is 3.6 V. Inductance dependence of key features of the boost converter, including the output voltage, the rise time, and the energy consumption, are simulated with the equivalent circuit. Figure 10 shows the simulated dependence of the output voltage on the inductance in the three types of inductors. The boost converter with the on-chip inductor cannot boost the voltage above 4 V, because the parasitic resistance of the on-chip inductor is very high. In contrast, both the on-interposer and the on-board inductors can boost the voltage to above 20 V. In order to boost the output voltage to above 20 V, a 50 nH to 330 nH on-board inductor and a 70 nH to 270 nH on-interposer inductor are needed. Too high or too low an inductance cannot be used, because of the tradeoff between the inductance and the parasitic resistance. When the inductance is too low, the inductor cannot store enough energy to boost the voltage. When the inductance is too high, on the other hand, the inductor again cannot store enough energy because of the high parasitic resistance. Figure 11 shows the simulated dependence of the rise time (t rise ) on the inductance in the two types of inductors. Figure 12 shows the simulated waveforms of the boost con- verter. t rise is defined as the time needed to boost V out from 0 V to 15 V, as shown in Fig. 12 . The graph in Fig. 11 is not smooth, because V out of 15 V is achieved by several pulses, as shown in Fig. 12 . To realize short t rise , the range of inductance is limited from 130 nH to 260 nH for the on-interposer inductor, and 110 nH to 330 nH for the on-board inductor. The reason for the optimum inductance region is similar to the previous discussion. Figure 13 shows the simulated inductance dependence of energy consumption (E loss ) during boosting in the two types of inductors. E loss is calculated from Eq. (5) using V DD , the input current (I in ), and t rise shown in Fig. 9 .
When the on-interposer inductor is used, E loss is minimum at around 400 nH. This optimal range, however, does not match the range shown in Figs. 10 and 11. In contrast, the inductance range from 250 nH to 320 nH is optimal with the on-board inductor. This is the best design choice for meeting all the requirements, including high output voltage, fast rise time, low energy consumption, and area limitation of 25 mm 2 , because this range is also within the optimal region, as shown in Figs. 10 and 11. If a thicker metal is available in the on-interposer inductor, the boost converter with the on-interposer inductor will also achieve a similar performance to that with the on-board inductor. This is not impossible because only typical parameters are used in the calculation in this work.
Measurement of Boost Converter
To demonstrate the performance of the boost converter with the optimized inductor described in Sect. 2, the boost converter with a 270 nH on-board inductor, as shown Table 1 , is fabricated and measured. Figure 14 shows the micrographs of the on-board spiral inductor and the fabricated boost converter LSI where the high voltage MOSFET's are integrated. The area of the inductor is 5 mm by 5 mm, and the area of the boost converter LSI is 0.35 mm by 0.50 mm. The measured parasitic resistance of the inductor is 1.05 Ω. Table 2 summarizes the measured key features of the boost converter and the conventional charge pump for a typical NAND flash memory. The measured energy consumption for boosting to 15 V is 30 nJ and the rise time is 0.92 ns, which are 12% and 27% of those in the case of the charge pump. The area of the high voltage MOSFET's is 0.175 mm 2 which is 15% of that in the case of the charge pump. Figure 15 shows the energy consumption during the write operation for between the conventional 3D-SSD with the charge pump and the proposed 3D-SSD with the boost converter. When V DD of the NAND decreases from 3.3 V to 1.8 V, the total energy consumed during writing of the NAND flash memory decreases by 68% compared with the conventional 3.3 V NAND, because the energy consumption of the high-voltage generator decreases by 88% compared with the charge pump. In the charge pump, the number of stages will increase when V DD is lowered to 1.8 V, and therefore, energy loss by MOS diodes increases. In contrast, since the boost converter achieves the 20 V program voltage with a single-stage circuit, the energy loss does not increase. In this way, the proposed spiral inductor design of the boost converter contributes to the low power and the fast write operation of the 3D-SSD.
Effect of TSV's on Performance of Boost Converter
The advantage of the boost converter over the charge pump was shown by the results of measurements in previous section. The feasibility of the 3D SSD with TSV connections, however, is not clear, because the measurement does not take into account the parasitic RLC's accompanying TSV's. In reality, when 3D-SSD's are implemented using TSV's, the parasitic RLC's may degrade the performance of the boost converter. The parasitic L and C of the TSV's can be neglected, because the parasitic L and C are under 0.03% and 1% [7] of the inductance of the inductor and the output load capacitance, respectively, in the boost converter. In contrast, the parasitic resistance of TSV's cannot be disregarded. Therefore, in this section, the impact of the parasitic resistance of TSV's on the performance of the boost converter (output voltage, rise time, energy consumption) is simulated. Figure 16 shows the equivalent circuit of the simulated boost converter. The parasitic resistance of TSV's (R TSV ) is serially connected directly after R 5 . The 270 nH inductor is used on the basis of the result presented in Sect. 3. The parasitic resistance of the inductor is 0.51 Ω. Other conditions such as clock frequency, duty cycle and input voltage are the same as those described in chapter 3. The resistance of a word-line is neglected in this work, which is the most pessimistic assumption in evaluating the effect of TSV resistance on the rise time. In an actual SSD, the word-line resistance increases the rise time of the program voltage and the TSV resistance has much less of an effect than in the simulation shown in Fig. 16 . R TSV is governed by the TSV material and the number of stacked NAND chips. For example, the resistance of Cu TSV's with the diameter of 2 μm and the height of 5 μm is ∼200 mΩ/via [8] , while the resistance of the doped poly-Si TSV with the diameter of 28∼46 μm and the height of 50 μm is 1.3∼5.0 Ω/via [9] . In a 64-chip stacked SSD where a boost converter is connected to all the chips using only one TSV, the total resistance of the TSV's become 320 Ω (polysilicon TSV) and 12.8 Ω (copper TSV) so the simulated results are shown up to 350 Ω. Figure 17 shows the simulated R TSV dependence of the output voltage of the boost converter. Figure 18 shows the simulated R TSV dependence of the energy consumption during boosting and the rise time of the boost converter. In Fig. 17 , it can be seen that the impact of R TSV is small for the output voltage of the boost converter. In contrast, Fig. 18 shows that R TSV has a large effect on both the rise time and the energy consumption. Compared with the ideal case where R TSV is 0 Ω, both the rise time and the energy consumption are twice and 5 times larger when R TSV is 90 Ω and 330 Ω, respectively. For example, in the aforementioned 64-chip stacked above SSD system, copper TSV's (total resistance of 12.8 Ω) are acceptable, though the polysilicon TSV's (total resistance of 320 Ω) are not acceptable. Therefore, in order to maintain the advantages of the boost converter over the charge pump in terms of rise time and energy consumption, as shown in Sect. 3, the reduction of R TSV is very important.
Conclusion
Two essential technologies for 3D-SSD with a boost converter, that is, the spiral inductor design and the effect of TSV's on the boost converter were discussed in this paper. These technologies are very important in achieving 3D-SSD with a boost converter. In the inductor design, the on-board inductor from 250 nH to 320 nH was the best design feature that meets all requirements, including a high output voltage above 20 V, fast rise time, low energy consumption, and area smaller than 25 mm 2 . The use of the boost converter with the proposed inductor led to the reduction of the energy consumption during the write operation of the proposed 1.8-V 3D-SSD by 68% compared with the conventional 3.3-V 3D-SSD with the charge pump. Although the on-board inductor was the best in this study when typical thickness and line width were adopted for the inductor, the on-interposer inductor can be used if a thicker metal is available, and in fact, it is necessary for realizing the 3D-SSD.
The effect of the parasitic resistance of TSV's on the performance of the boost converter was also simulated. In the 64-chip stacked SSD system, the copper TSV's (total resistance of 12.8 Ω) were acceptable, but the polysilicon TSV's (total resistance of 320 Ω) were not acceptable. Therefore, in order to maintain the advantages of the boost converter over the charge pump in terms of rise time and energy consumption, the reduction of the parasitic resistance of TSV's is very important.
